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PTEN Regulation of Neural Development and
CNS Stem Cells
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Abstract Even though phosphorylation of phosphatidylinositols by phosphoinositide 3-kinase (PI3K) has an
important and pervasive role in the nervous system, there is little known about the phosphatases that reverse this reaction.
Such a phosphatase, phosphatase and tensin homologue deleted on chromosome 10 (PTEN), was cloned as a tumor
suppressor for gliomas. PTEN is expressed in most, if not all, neurons and is localized in the nucleus and cytoplasm.
Recently, a series of papers using PTEN conditional knockouts has greatly extended our knowledge of PTEN’s role during
development. Loss of PTEN results in disorganization of the brain, probably due to a flaw in cell migration. In addition,
there is a gradual increase in the size of neuronal soma, mimicking Lhermitte-Duclos disease. Recent experiments in our
laboratory with adult PTEN þ/� mice demonstrate that PTEN regulates migration of precursor cells in the subventricular
zone to the olfactory bulb. We also found that PTEN haploinsufficiency can protect precursor cells from apoptosis in
response to oxidative stress. Collectively, these studies demonstrate that PTEN does much more than suppressing tumors. It
is a master regulator in developing and adult brain. J. Cell. Biochem. 88: 24–28, 2003. � 2002 Wiley-Liss, Inc.
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Phosphatase and tensin homologue deleted
on chromosome 10 (PTEN) was originally
cloned as a tumor suppressor for gliomas [Li
et al., 1997; Steck et al., 1997]. We now know
that PTEN is deleted or inactivated in many
tumor types, including endometrial,melanoma,
and prostrate, identifying PTEN as an impor-
tanttumorsuppressor. Inaddition,PTENgerm-
line mutations can result in Cowden disease,
Bannayan-Zonana syndrome, and Lhermitte-
Duclos disease, in which disorganized hamar-
tomas appear in multiple organs. Some of the
patients with these disorders also show defects
in neural development, including macrocepha-
ly, mental retardation, cerebellar hypertrophy,
ataxia, and seizures. As a result of its clinical

relevance, PTEN is now a subject of intense
study in many laboratories.

The PTEN protein is a phosphatidylinositol
phosphate (PIP) phosphatase [Maehama and
Dixon, 1998] specific for the 3-position of the
inositol ring. Although, PTEN can dephosphor-
ylate PI(3)P, PI(3,4)P2, or PI(3,4,5)P3 (PIP3), it
is likely that PIP3 is the most important sub-
strate in vivo. PTEN and phosphoinosotide 3-
kinase (PI3K) have opposing effects on PIP3

levels (Fig. 1). By lowering PIP3 levels, PTEN
decreases Akt activity and, thereby, enhances
the rate of apoptosis [Datta et al., 1999]. PTEN
decreases cell motility via small G proteins
[Liliental et al., 2000] and may also inhibit cell
migration by dephosphorylating focal adhesion
kinase (FAK) [Tamura et al., 1998].

The biological functions of PTEN have also
been analyzed by genetic methods. For C.
elegans, PTEN and PI3K have opposing effects
on worm longevity, dauer formation, and brood
size [Ogg and Ruvkun, 1998; Gil et al., 1999;
Mihaylova et al., 1999; Rouault et al., 1999].
PTEN and PI3K play opposing roles in regulat-
ing Drosophila development and cell size
[Goberdhan et al., 1999; Huang et al., 1999].
Furthermore, the phenotype induced by PTEN
mutation can be reversed by a mutation in the
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downstream kinase, Akt [Stocker et al., 2002].
Hence, PIP3 is the critical substrate for Droso-
phila PTEN, and Akt is the crucial downstream
regulator.
Knockout mice lacking PTEN are embryonic

lethal [Di Cristofano et al., 1998; Stambolic
et al., 1998; Suzuki et al., 1998].PTENloss leads
to poorly organized ectodermal andmesodermal
layers and overgrowth of the cephalic and
caudal regions. PTEN þ/� mice are viable but
have an autoimmune disorder, diminished Fas-
mediated apoptosis, and a high incidence of
cancer [DiCristofano et al., 1999]. These studies
demonstrate the quantitative requirement for
PTENphosphatase and verify the identification
of PTEN as a tumor suppressor. However, they
offer no insight into the role of PTEN in the
nervous system.

EXPRESSION OF PTEN IN THE
NERVOUS SYSTEM

Since PTEN is a tumor suppressor for brain
tumors, a natural question is which cells in the
brain express PTEN? The first report of PTEN
in thebrainwasbased onexamination of human
biopsy samples [Sano et al., 1999]. There was
strong PTEN immunostaining for neuronal
soma and, particularly, nuclei. In addition,
PTEN mRNA and protein was detected in cul-
tures of cerebellar granule neurons [Kyrylenko
et al., 1999].
We examined PTEN expression in adult

mouse brain and detected PTEN-positive neu-
rons in many sites, including mitral, periglo-
merular, and granule neurons in the olfactory
bulb, pyramidal neurons in the cortex, magno-
cellular neurons in the basal forebrain, hippo-
campal and amygdalar neurons, and cerebellar
Purkinje and granule neurons [Lachyankar
et al., 2000]. Staining was most evident for large
neurons and appeared to be confined to cell

bodies. We did not detect staining of neuronal
processes or glial cells.

We also assessed PTEN expression in two
neuronal differentiation models. For pheochro-
mocytoma PC12 cells, treatment with nerve
growth factor (NGF) induces neuronal differ-
entiation and expression of PTEN [Lachyankar
et al., 2000]. For precursor cells from the sub-
ventricular zone (SVZ), we also observed induc-
tion of PTEN during neuronal differentiation.
In contrast, we noted a weak, transient expres-
sion of PTEN in SVZ precursor cells differen-
tiating to astrocytes. Suppression of PTEN
expression with antisense oligonucleotides dec-
reased neuronal differentiation for both PC12
cells and SVZ precursor cells but did not inhibit
differentiation of SVZ precursor cells to astro-
cytes. These results demonstrate a requirement
for PTEN during neuronal differentiation.

We examined the subcellular localization of
PTEN for differentiated PC12 cells and SVZ
precursor cells [Lachyankar et al., 2000]. By
immunofluorescence microscopy and subcellu-
lar fractionation, PTEN is both nuclear and
cytoplasmic. Also, PC12 cells expressing recom-
binant PTEN showed nuclear localization.
These results are in good agreement with the
original study reporting PTEN in the brain
[Sano et al., 1999].

ANALYSIS OF PTEN WITH CONDITIONAL
KNOCKOUT MICE

Recently, a number of groups have prepared
PTEN conditional knockout mice utilizing the
Cre-lox system. In the first of these studies,
PTEN-loxmice weremated withmice bearing a
nestin promoter-driven Cre transgene, thereby,
deleting PTEN in neural precursor cells [Gros-
zer et al., 2001]. Loss of PTEN from neural
precursor cells had profound effects on the de-
veloping brain. The resulting mice were born
with open eyes and enlarged brains and died
shortly after birth. The laminar patterning of
the cortex, hippocampus, and cerebellum was
disorganized, likely due to a substantial flaw in
cell migration (Table I). These authors also
observed increased proliferation in the ventri-
cular zone and decreased apoptosis. Total brain
cultures were analyzed by flow cytometry, re-
vealing that loss of PTEN resulted in an in-
crease in cell size.

Two research groups mated PTEN lox mice
with GFAP promoter-driven Cre mice. Both

Fig. 1. PTEN dephosphorylates PIP3, thereby, reversing the
reaction catalyzed by PI3K.
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groups expected to see PTEN deletion in astro-
cytes but instead noted deletion of PTEN in
many neurons, occurring primarily postnatally
[Backman et al., 2001; Kwon et al., 2001]. The
resulting mice developed seizures and ataxia
and died by 29–48 weeks. There was disorgani-
zation of the cerebellum and dentate gyrus. The
loss of PTEN had no apparent effect on pro-
liferation or apoptosis, but there was both an
increase inneuronal somasize and overall brain
mass. The increase in soma size was unique to
neurons. Embryonic stem cells, embryonic fib-
roblasts, and thymocytes lacking PTEN did not
show increased size [Backman et al., 2001]. In
addition, these mice may provide a model for
Lhermitte-Duclos disease in which there also is
an increase in the size of neuronal cell bodies.
Finally, these authors also noted that for nor-
mal mice, PTEN expression is much greater for
neurons than glia [Backman et al., 2001].

Using an En2 promoter-driven Cre mouse,
PTEN was deleted at embryonic day 9.5 in both
neurons and glia at the midbrain-hindbrain
junction [Marino et al., 2002]. These mice dis-
played ataxia and reduced activity. There was
degeneration of Purkinje cells with progressive
vacuolation and cytoplasmic accumulation of
neurofilaments. There also was decreased cell
proliferation in the cerebellum.

The effect of PTEN loss on apoptosis was
complex. At E15.5, there was decreased ap-
optosis in the cerebellum, but at P1, apopto-
sis was unchanged by PTEN deletion. The
authors proposed that the decrease in apopto-
sis was more influential, ultimately resulting
in an enlarged cerebellum.

Finally, using an L7 promoter, PTEN was
deleted postnatally in Purkinje cells [Marino
et al., 2002]. There were small irregularities in
Purkinje cell organization, and the Purkinje
cells showed an increase in size and thickening
of dendrites and axons. Eventually, the Pur-
kinje cells showed degeneration and cell loss.
Because in this experiment, the deletion of
PTEN is so limited, the effects on Purkinje cells
are undoubtedly cell autonomous.

ROLE OF PTEN IN ADULT NEUROGENESIS

The subventricular zone is the site of greatest
proliferation in the adult brain [Peretto et al.,
1999]. The resulting precursor cells migrate
along the rostral migratory stream to the ol-
factory bulb. There they migrate radially and
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form new neurons in the outer layers of the
olfactory bulb. A critical step in analyzing the
SVZ precursor cells was the development of a
cell culture system [Reynolds et al., 1992].
These cells grow as large aggregates known as
neurospheres and can differentiate to neurons,
astrocytes, and oligodendrocytes. An intriguing
question is how the SVZ finds the correct
balance between proliferation, apoptosis, and
migration and, thereby, sustains the correct
number of SVZ stem/precursor cells for the life
of the organism.
To analyze the possible role of PTEN, we

carried out a comparison of SVZ neurosphere
cells from PTEN þ/þ and þ/� mice [Li et al.,
2002].EventhoughPTENlevelsinthePTENþ/�
neurospheres were about 75% of those for
PTEN þ/þ neurospheres, phospho-Akt levels
were increased by 2.4-fold (Fig. 2). We then
tested the physiological consequences. Haploin-
sufficiency for PTEN had only minor effects on
the rate of cell proliferation. Motility and mig-
ration were measured by filter penetration
assays.PTENþ/�precursor cells showedgreat-
er motility and invasiveness than PTEN þ/þ
cells. Finally the role of PTEN in oxidative
stress-induced apoptosis was assessed. SVZ
precursor cells were treated with H2O2 and
thenwere analyzed byTUNEL staining.Neuro-
sphere cells fromPTENþ/�micewere resistant
to apoptosis. Hence, for PTEN þ/� precursor
cells, the small decrease in PTEN levels affects
motility, invasiveness and apoptosis but not
proliferation (Fig. 2).
We next analyzed the SVZ precursor cells

in vivo. PTEN þ/þ and þ/� mice showed no
difference in the rate of cell proliferation [Li
et al., 2002]. However, migration of the SVZ
cells to the olfactory bulb was more rapid for
PTEN þ/� cells than for þ/þ cells. We also
observed decreased numbers of apoptotic cells
in the SVZ. However, the olfactory bulbs for
PTEN þ/� mice were of the same size as þ/þ

mice. The most likely explanation is that the
rapid exit of PTEN þ/� cells from the SVZ
decreases the number of TUNELþ cells, and the
resulting surplus of cells is reduced by apoptosis
in the rostral migratory stream or olfactory
bulb.

CONCLUSIONS AND QUESTIONS

These studies establish a number of clear
conclusions. First, PTEN is particularly influ-
ential in the regulation of cell motility and
migration. This effect is observed even in PTEN
þ/�mice. Second, neuronal soma for PTEN�/�
mice are enlarged. This effect is apparently
unique to neurons and not observed for other
cell types. Third, these studies help us to
understand why PTEN is such a potent tumor
suppressor.Cells have trouble compensating for
even small decreases in PTEN levels. There are
other PIP phosphatases expressed in the brain,
and one would expect that they could compen-
sate for loss of one copy of PTEN. However, for
unknown reasons, they do not.

There are two points that still need to be
resolved. First deletion of PTEN has substan-
tially different effects on cell proliferation and
apoptosis depending on which promoter is used
to drive Cre expression (Table I). Our view
is that these apparent disagreements indicate
that PTEN regulation varies depending on cell
type and stage of development. However, it is
also possible that the altered migration for
PTEN �/� cells causes cells to be misplaced
and overlooked during counting. A second ques-
tion is the role of PTEN in lineage determina-
tion. We reported that suppression of PTEN
expression with antisense oligonucleotides in-
hibited neuronal differentiation for SVZ pre-
cursor cells [Lachyankar et al., 2000]. The cells
differentiating to neurons instead underwent
apoptosis. However, none of the studies with
PTEN lox mice suggested a role in lineage
determination (Table I). Recently, we repeated
these experiments using PTEN �/� SVZ pre-
cursor cells and obtained similar results (Li
et al., data not shown). Hence, our current
working hypothesis is that SVZ precursor cells
may be unique in this requirement. PTEN may
be part of the regulatory circuits that maintain
stem/precursor cells in the SVZ, migrating
neuronal precursors in the rostral migratory
stream and olfactory neurons at proper levels
for the life of the organism.

Fig. 2. Small changes in PTEN levels significantly affect the
biological properties of SVZ precursor cells [Li et al., 2002].
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